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ABSTRACT 

This paper describes the proposed cryogenic system used to cool the 
superconducting magnet for the Space Station based ASTROMAG Particle 
Astrophysics Facility. This 2-meter diameter superconducting magnet 
will be cooled using stored helium II. The paper presents a liquid 
helium storage concept which would permit cryogenic lifetimes of up to 
3 years between refills. It is proposed that the superconducting coil 
be cooled using superfluid helium pumped by the thermomechanical 
effect. It is also proposed that the storage tank be resupplied with 
helium in orbit. A method for charging and discharging the magnet with 
minimum helium loss using split gas-cooled leads Is discussed. A 
proposal to use a Stirling cycle cryocooler to extend the storage life 
of the cryostat will also be presented. 

THE ASTROMAG SUPERCONDUCTING MAGNET 

The ASTROMAG experiment requires a magnetic field for charged 
particle detection, momentum resolution and energy resolution. The 
scientific capabilities of the ASTROMAG experiment depend on the size, 
shape and placement of the magnet colls. The coll configuration In turn 
strongly influences the cost and complexity of the facility. The magnet 
and cryogenic design presented In this paper represents a relatively 
simple magnet design concept which can be carried to the Space Station 
using the shuttle. 

The design concept for the strawnan magnet configuration for the 
ASTROMAG Particle Astrophysics Facility has the following 
characteristics: 1 

1) The magnet coils are designed as relatively high-current coils 
which operate at stored magnetic energies approaching ^0 MJ. The 
coils are designed so that the ratio of stored energy to active 
coll mass Is about 15 J per gram of active coll mass. About 1/3 of 

jQ 

.f rv^is. is uk!.ji 



the overall magnet system mass Is expected to be active coil mass. 
The coils are arranged so that the net magnetic dipole magnet is 
zero. The field drops to earth's field about 20 meters from the 
center of the magnet. 


?) The magnet coils are to be located outside of the helium storage 
tank. This permits the physics experiment to be brought close to 
the coil package. (The goal is to put the closest detector about 
10 cent. meters from the coil package.) In addition, the stored 
magnetic energy which is dumped into the coils during a quench can 
be decoupled from the liquid helium in the storage tank allowing it 
to be cooled back down with helium vapor after it quenches. 

3) The strawman design calls for spherical or near spherical tankage 
for the liquid helium. This will minimize the tank mass for a 
given stored helium volume and tank pressure rating; also, the 
surface to volume ratio is favorable. The difficulty with such a 
tank is the added complexity of the superinsulation system. 

4) The magnet cryostat vessel will have dished, inward facing heads at 
the ends to permit the detectors to be brought close to the coil 
ends without the weight penalty associated with flat or near flat 
heads. The outside surface of the cryostat would be cylindrical 
near the coil and conical over the centra, helium tank. This 
increases the room Inside the cryostat for cold mass supports, 
vapor-cooled shields and Intercepts and a possible helium 
refrigerator thermal strap for the outermost shield and Intercept. 

5) The magnet, which will have a persistent switch, will be powered 
through vapor-cooled retractable leads. These leads will be part 
of the vapor-cooled shield and Intercept circuit. This concept 
permits one to maximize the charging efficiency of the magnet. The 
lead current will be high enough to permit the coil to charge and 
discharge st a reasonable rate, and the voltages within the coil 
will be acceptably low during a quench. (See Table 1) 

Table 1 presents some basic parameters for a high-current density 
version of the 2-coil HEAO-type magnet proposed as a strawman 
configuration for ASTROMAG. The location of the magnet coils with 
respect to the helium storage tank and the outer vessel 1$ shown in 
Figure l . 

It is proposed that the magnet coils be cooled from the liquid 
helium storage tank by circulating the helium through tubes built into 
the coil packages. Helium II from the storage tank at 1.6 to 1.8 K will 
be circulated through the coils using a thermomechanical (fountain 
effect) pump. 

THE MAGNET HELIUM II CRYOGENIC SYSTEM 

The helium storage tank will be spherical with attached support 
rings. The magnet coil packages are attached to these support rings 
which also mate with the cold mass support system. A schematic 
representation of the cold mass is shown in Figure 1. As shown, the 
coil packages have 8 tubular struts between them to carry the 
4.405 x 10^ N (44.9 metric tons) tensile force between the oils. 

These struts connect the colls to the helium tank. It is proposed that 
the struts be made from low thermal conductivity MP-35 N steel to 
thermally isolate the tolls from the helium tank. This Isolation allows 
a thermally efficient recovery from a magnet quench. 
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A schematic representation of the ASTROHAS cryostat showing the 
coils, the helium tank, the support struts and the vacuum 
vessel . 


i he ASTROMAG spherical cryogen tank has an outside diameter of 
i ' . 2 meters. The thickness of the tank would normally be determined by 
the magnet stored energy. If the magnet colls are thermally isolated 
from the helium tank, the helium tank thickness Is determined by the 
1 atm external pressure which is applied during leak testing. The 
helium tank can contain 4,600 liters of helium (almost 700 kg of helium 
at i .8 K) with an additional 15 percent of the tank volume as ullage. 



Table 1 . Strawman Magnet Parameters 


Number of coils 

Coil outside diameter 

Coil separation 

Number turns 

Design current 

Peak field in coil 

Coupling between coil and secondary 

Magnet Inductance 

Magnet stored energy 

Current density In s/c plus matrix 

EJ 2 limit 

Magnet coil cold mass 

Magnet active cold mass 

Stored energy to active cold mass ratio 

Overall cold mass (including helium) 

Overall magnet mass 
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2.0 m 
2.2 m 
6400 
754 A 
6.25 T 
> 0.92 
66.9 H 

19.0 MJ 

2.985 x !0 8 A m" 2 

1 .69 x 10 24 J A 2 nr 4 

1500 kg 

1300 kg 

14.6 J g* 1 

2650 kg 

4000 kg 


The largest single heat leak into the helium vessel is thrcjgh the 
cold mass support system. The heat leak into the ‘•.ellum vessel through 
an ideal cold mass support system (where there is enough room for the 
support rods and their end terminations) is proportional to the cold 
mass, the design resonant frequency squared and the Integrated 
temperature function r (Ms defined as the Integral of thermal 
conductivity with temperature from the lowest Intercept temperature to 
the helium vessel temperature). The heat leak through the support 
straps into the vessel Is inversely proportional to the elastic modulus 
cf the support strap In the direction of force. The support rod 
material of choice is one with the lowest value of T divided by the 
elastic modulus. Oriented fiberglass epoxy is among the best materials 
which can be used for cold mass supports. It Is proposed that this 
material be used in the form of tension straps with 2 thermal Intercept 
points on them. The support strap configuration shown in Figure 1 
consists of 32 straps arranged so that the magnet cryostat is 
self-centering during cooldown. The major design problem with support 
systems is minimizing deflections at the tank and on the outside support 
ring as the support system is loaded. The deflections are kept s'nall so 
that a support system resonant frequency above 35 Hz is obtained. 

Figure 2 is a schematic diagram of the ASTR0MAG cryogenic system. 
Cold valves, cold burst discs and crossover pluming associated with 
ground operations and shuttle safety requirements have been omitted to 
provide a clear exposition of the cryogenic system associated with the 
magnets and magnet leads. Figure 2 shows one of the 2 methods being 
investigated for circulating helium through the colls and the persistent 
switch using a thermomechanical effect pump. 3. 4 Figure 2 also shows 
how the boil-off gas Is used to cool the retractable gas-cooled 750 A 
electrical leads, the shields and heat intercepts on the cold mass 
supports. The shield-intercept flow design for the ASTR0MAG magnet 
cryostat Is similar to the 2-shield HEAD long-life cryostat built and 
tested during the early 1970's. 5 This cryostat demonstrated that 
helium could be stored within a tank with a magnet for up to 2 years. 

The HEA0 design intercepted heat from the 100 A current leads on 
the pipe leading from the tank to the first shield. The ASTR0MA6 
cryostat design calls for enhanced heat transfer leads split into 
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2 parts. 6 The warm end can be disconnected from the cold end. The 
cold end will be permanently connected to the magnet, helium vessel and 
persistent switch. After the gas leaves the cold part of the 
retractable lead, it passes through the 2 gas-cooled shields and support 
intercepts to the warm retractable part of the gas-cooled lead system. 
This configuration will result in Increased efficiency during charging 
and discharging because shields and intercepts will be cooled while 
there is increased flow through the leads. As a result, the boil-off 
from the helium tank will be reduced for a considerable time after the 
magnet has been charged or discharged. 
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Figure 2. A schematic diagram of the ASTROMAG cryogenic system. (The 
arrows show the flow through the coil driven by a simple 
thermomechanical pump. The arrows also show gas flow through 
the leads and intercepts. The shields are cooled by 
conduction.) 


The 750 A gas-cooled leads proposed for the ASTROMAG magnet can 
operate within the vacuum vessel in any orientation. 6 The leads would 
be connected to the gas side of the porous ''lug. The leads can carry 
the full cooldown gas flow with a relatively low pressure drop. The 
leads are designed to withstand high temperature so that they can 
operate for a long time without gas flow. 
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In a 2-shield cryogenic system, the most important part of the 
insulation lies outside the outer shield. It is proposed that 100 to 
120 layers of multi-layer insulation be used outside the warm shield. 
This insulation must be applied very carefully, because it is important 
that the heat load to the first shield be minimized. The insulation 
between the outer and inner shield can be reduced to 40 or 50 layers. 
Inside the inner shield only 2 layers of heavy foil are required outside 
the foam layer on the helium tank. The layer o f foam is a safety 
feature to reduce the influx of heat to the helium vessel should the 
vacuum tank be ruptured. The addition of a third shield cooled hv a 50 
to 70 K refrigerator has been studied for use on the Space ,'tation. 

This refrigerated shield could increase the useful life cf the ASTROMAG 
cryostat from 2 years to 3 1/2 years, thus reducing the need for helium 
resupply. 

When the 2 shields are used alone, the estimated heat leak into the 
ASTROMAG magnet cryostat is 0.24 W (about half is through the cold mass 
supports). Helium would be boiled off at the rate of 0.0103 gs -1 
(325 kg per year). When the leads are connected and the magnet is 
charged, the estimated heat leak goes up to 3.0 W (including a 1.0 W 
heat load due to charging the magnet at the rate of 250 A hr -1 ). The 
integrated helium usage for 4 magnet charges and discharges per year 
(3 hours per charge or discharge) is estimated to be under 3 kg of 
helium per year. 

The cryogenic system shown in Figure 2 is designed so that the 
magnet coils can be cooled down (in the event of a quench) using helium 
from the storage tank (about 75 kg of helium is required). The helium 
storage tank and magnet coils can be cooled down from room temperature 
using liquid helium pumped from a large storage tank through the 
ASTROMAG storage tank, the coils, the leads and shields. 7 

The strawman ASTROMAG magnet will have a vacuum vessel outside of 
the superinsulation and shield system. This vacuum vessel permits the 
magnet system to be tested on the groiMd, and it separates the gas which 
might be in the physics detectors from the Insulation system. The outer 
vacuum vessel has a central support ring which connects to the shuttle. 
Conical-cylindrical vessels carry the pressure loading from 1 atm 
outside the vessel. The ends of the vacuum vessel consist of 
’ightweight dished spherical heads (with a radius of curvature of 
3 meters). These heads (dished inward) permit the physics detectors to 
be brought to a distance of 10 centimeters from the coil package. The 
central support ring transmits fo'ces from the cold mass supports to the 
shuttle. 

The projected magnet system cold mass including a pair of 750 kg 
coils, a persistent switch, the tank and 700 kg of helium is 2650 kg. 

An aluminum vacuum vessel plus the shields is estimated to have a mass 
of 1350 kg. (The use of composite structures could reduce the vacuum 
vessel mass further.) 

CRY06ENIC SAFETY 

The ASTROMAG cryogenic system will be designed to meet the shuttle 
and Space Station safety requirements. Specifically, the requirements 
of Mil Standard 1522 will be satisfied. The major safety requirements 
to be met are as follows: 

1. The dewar will be two-failure tolerant. To meet this requirement, 

the cryogen tank will incorporate 3 independent, high-flow rate 

vent lines. 
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2. An engineering model cryogen tank will be proof pressure tested. 

3. Fracture critical parts will be dye penetrant inspected. 

4. The cryogen tank and plumbing system will be capable of 
withstanding a catastrophic nss of dewar guard vacuum. 

The dewars being flown on the Superfluid Helium On Orbit Transfer 
Flight Demonstrations meet these requirements and provide heritage for 
the design of the ASTROMAG cryogenic system. 

SUMMARY 

The ASTROMAG cryogenic system for the superconducting magnet has 
two features not found In ballon magnet cryostats or n previous designs 
for space-borne cryostats. First, the superconducting magnet coils are 
thermally isolated from the helium tank so that the coil can be receded 
after a magnet quench. Secondly, circulation through the magnet coil is 
a thermomechanical effect pump which has no moving parts, and it should 
be very reliable. The projected life for the helium system is over 
2 years. This life can be extended to. 3 1/2-years by adding a third 
shield and intercept which is cooled by a small Stirling cycle 
refrigerator. 
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